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Caged non-ionic detergents, comprised of polar oligo
(ethylene glycol) and non-polar alkyl chains joined by a
photocleavable ortho-nitrobenzyl sulfonate linker have been
synthesized and characterized. The light-triggered transfor-
mation of such chameleon surfactant from a charge-neutral
into a charged form offers great potential to improve 2-D gel
electrophoretic separation of complex protein mixtures.
In recent years, (macro)molecules that respond to external stimuli
by characteristic changes of their properties have become in-
creasingly important in so-called “smart” materials. In particular,
photoresponsive systems allowing for precise external control
over time and location of the non-invasive stimulus have been
developed. While the use of photochromic moieties allows
for reversibility and therefore true switching processes, many
systems relevant to biology,1 diagnostics,2 and materials science3
beneﬁt from the concept of light-triggered, irreversible activation
of a protected group or molecule, sometimes referred to as
“caged” compounds.1 Among the most commonly explored
photolabile protecting groups has been the ortho-nitrobenzyl
moiety allowing for the unmasking of various functionalities,
such as ethers, esters, phosphates, sulfates etc.4 Upon irradiation,
the photocleavage process results in the spatially and temporally
deﬁned presentation of these functionalities, allowing for speciﬁc
attachment5 and delivery6 as well as local changes in pH,7 elec-
trostatic interactions6,8 and aggregation behavior,9,10 among
others.
Due to the common interest in the often-challenging analysis
of less abundant regulatory proteins, such as transcription
factors,11 as well as membrane-bound proteins,12–14 we have
engaged in improving 2-D gel electrophoresis15–17 (2-D GE) by
the use of photoresponsive surfactants. Our chameleon surfac-
tants combine two different sets of properties facilitating the
separation of proteins in both dimensions. Speciﬁcally, we have
targeted non-ionic amphiphiles that solubilize the desired pro-
teins and aid isoelectric focusing in the ﬁrst dimension, i.e. sep-
aration based on charge. After the proteins have reached the
location of their speciﬁc isoelectric point, which is naturally
associated with low solubility, irradiation of the gel should
trigger the photochemical conversion to an ionic surfactant
mimicking sodium dodecyl sulfate (SDS) in the second dimen-
sion, i.e. separation based on molecular weight, so called
SDS-PAGE. Therefore, the detergent would remain associated
with the micellar protein-surfactant complex, principally leading
to an enhanced separation performance as compared to tra-
ditional methods that necessitate detergent exchange.18–20 Such
exchange is usually incomplete leading to formation of a broad
distribution of protein-surfactant micelles and therefore loss of
resolution, i.e. “smearing”.21 Furthermore, the surfactant ex-
change is associated with signiﬁcant loss of proteins therefore
pushing the concentration of under-represented proteins below
the detection limit.22
Here, we put forth a concept to overcome these problems by
the use of suitable photocaged detergents (Fig. 1). We describe
the design and synthesis of such photocaged detergents as well
as their photochemistry, aggregation behavior, and protein solu-
bilization ability.
In order to address the problem outline above, we designed
amphiphiles based on poly(ethylene glycol) (PEG) and alkyl
chains joined via a photocleavable ortho-nitrobenzyl moiety
leading to the release of the corresponding alkyl sulfonate upon
irradiation (Fig. 1). Synthesis‡ involved PEGylation of commer-
cially available 3-hydroxy-5-nitrobenzaldehyde 1 to give 4 fol-
lowed by reduction to yield the corresponding ortho-nitrobenzyl
alcohol 5, which was readily coupled with various alkylsulfonyl
Fig. 1 Improving 2-D gel electrophoresis using photolabile detergents
based on amphiphilic ortho-nitrobenzylsulfonates.
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chlorides to afford the desired detergents 7a–d (Scheme 1).
Note that the PEG-chain was attached to the photoreactive ortho-
nitrobenzyl moiety via an ether linkage in the para-position to
the nitro group in order to bathochromically shift the absorption
maximum and thereby avoiding potentially harmful excitation of
(hetero)aromatic amino acid side chain residues, such as trypto-
phane, tyrosine, phenylalanine, and histidine, in the gel. The
synthesis is highly modular by allowing for the introduction of
different hydrophobic alkyl side chains in the ﬁnal step of the
sequence.
Variation of both the length and the branching of the alkyl
chains, known to affect the packing of the hydrophobic tails in
surfactant assemblies such as micelles and bilayers,23 allowed
for convenient tuning of the surfactants’ critical micelle concen-
trations (CMCs),‡ as illustrated in Table 1. Clearly, the formed
micelles can be destabilized by shortening the alkyl chain length
and increasing the number of methyl branches, i.e. 7a → 7d.
Such control over the surfactants’ CMC is absolutely crucial in
order to develop and optimize a detergent, which can solubilize
the desired proteins and thereby enable their electrophoretic sep-
aration. In analogy to other charge-neutral detergents, such as
Triton X-100, 7a–d exhibit rather low CMCs.
Irradiation experiments using selective excitation at 313 nm‡
(for absorption maxima see Table 1) showed rapid transform-
ation of ortho-nitrobenzyl sulfonates 7a–d in water as indicated
by the observed changes in the UV/vis absorption spectra
(Fig. 2a). Simultaneous HPLC-monitoring conﬁrmed formation
of a polar PEG-based fragment, most likely 9 based on MS
detection, eluting faster than its parent photocleavable amphi-
phile 7d (Fig. 2b). Clearly, irradiation leads to scission of the
charge-neutral ortho-nitrobenzyl sulfonate surfactant and creates
an ionic surfactant in the form of the corresponding dissociated
sulfonic acid. The CMCs of the sulfonic acid photoproducts,
such as laurylsulfonic acid 8, and their salts,24 closely resem-
bling SDS, are typically 2–3 orders of magnitude higher than of
their corresponding PEGylated derivatives (Table 1).
To analyze whether our caged detergents can be used to solu-
bilize complex protein mixtures rat dorsal root ganglia were
extracted with 2% of detergent 7d and separated by traditional
one-dimensional SDS-PAGE. The separated proteins were then
electrophoretically transferred to a nitrocellulose membrane and
analyzed by Western blotting for the presence of two different
membrane proteins. To determine its solubilization capacity we
performed the same experiment in the presence of an equal
amount of SDS, the detergent of choice for the extraction of
proteins from complex tissue samples. As shown in Fig. 3, β1-
integrin as well as the ion channel TRPV4 can be successfully
extracted with 3,7-dimethyloctylsulfonic acid suggesting that our
caged detergents can not only be used for the solubilization of
complex protein mixtures but also for the extraction of proteins
that are known to withdraw their detection by classical 2-D
GE.12–14
Table 1 Absorption maxima and critical micelle concentrations
(CMCs) of surfactants 7a–d and laurylsulfonic acid 8 in water
Compound 7a 7b 7c 7d 8
λmax (nm) 313 315 320 313 n.d.
CMC (μM) <10 40 60 75 8000
Fig. 2 Irradiation of surfactant 7d (120 μM in H2O at 25 °C). (a)
UV/vis absorption spectra and (b) HPLC traces, both in time intervals of
90 s.
Scheme 1 Modular synthesis of surfactants 7a–d.
















































In summary, we have proposed a general new concept for
improving separation performance of 2-D GE for analysis of
complex protein mixtures containing proteins that are notor-
iously under-represented and difﬁcult to separate. The principle
described herein is based on the use of a non-ionic detergent and
its in situ photochemical conversion to an ionic surfactant.
A modular synthesis of photocleavable PEG-based amphiphiles
has been developed that allows for convenient control over their
CMCs by introducing various alkyl substituents. Future work
will be concerned with the use of our caged alkylsulfonate 7d
for the separation of complex protein mixtures in the 2-D GE.
Acknowledgements
The authors are indebted to Heike Hinrichs and Georg Breiten-
bruch (MPI Kohlenforschung, Mülheim an der Ruhr) for carry-
ing out HPLC analysis and separation and Giampiero Bandini
(FUB) for carrying out the initial electrophoresis experiments.
Generous support by the Sofja Kovalevskaja Award of the Alex-
ander von Humboldt Foundation, endowed by the Federal Minis-
try of Education and Research (BMBF) within the Program for
Investment in the Future (ZIP) of the German Government, and
by the German Research Foundation (DFG, SFB 515) is grate-
fully acknowledged.
Notes and references
1 Phototriggers, Photoswitches, and Caged Biomolecules, in Dynamic
Studies in Biology, ed. M. Goeldner and R. Givens, Wiley-VCH Verlag
GmbH, Weinheim, 2005.
2 M. Pirrung, J. Read, S. P. A. Fodor and L. Stryer, Large-scale photolitho-
graphic solid-phase synthesis of polypeptides and receptor binding
screening thereof, US Patent 5,143,854, 1992
3 H. Ito, C. G. Wilson and J. M. J. Fréchet, Positive and negative working
resist compositions with acid-generating photoinitiator and polymer with
acid-labile groups pendant from polymer backbone, US Patent 4,491,628,
1985
4 J. E. T. Corrie, Phototriggers, Photoswitches, and Caged Biomolecules, in
Dynamic Studies in Biology, ed. M. Goeldner and R. Givens, Wiley-VCH
Verlag GmbH, Weinheim, 2005, 1–28.
5 D. H. Rich and S. K. Gurwara, Preparation of a new o-nitrobenzyl resin
for solid-phase synthesis of tert-butyloxycarbonyl-protected peptide
acids, J. Am. Chem. Soc., 1975, 97, 1575–1579.
6 G. Han, C.-C. You, B. J. Kim, R. S. Turingan, N. S. Forbes, C. J. Martin
and V. M. Rotello, Light-regulated release of DNA and its delivery to
nuclei by means of photolabile gold nanoparticles, Angew. Chem., Int.
Ed., 2006, 45, 3165–3169.
7 S. Abbruzzetti, S. Sottini, C. Viappiani and J. E. T. Corrie, Kinetics of
proton release after ﬂash photolysis of 1-(2-nitrophenyl)ethyl sulfate
(caged sulfate) in aqueous solution, J. Am. Chem. Soc., 2005, 127, 9865–
9874.
8 K. N. Plunkett, A. Mohraz, R. T. Haasch, J. A. Lewis and J. S. Moore,
Light-regulated electrostatic interactions in colloidal suspensions, J. Am.
Chem. Soc., 2005, 127, 14574–14575.
9 C. J. Bosques and B. Imperiali, Photolytic control of peptide self-
assembly, J. Am. Chem. Soc., 2003, 125, 7530–7531.
10 L. A. Haines, K. Raagopal, B. Ozbas, D. A. Salick, D. J. Pochan and J.
P. Schneider, Light-activated hydrogel formation via the triggered folding
and self-assembly of a designed peptide, J. Am. Chem. Soc., 2005, 127,
17025–17029.
11 D. Jiang, H. W. Jarrett and W. E. Haskins, Methods for proteomic analy-
sis of transcription factors, J. Chromatogr., A, 2009, 1216, 6881–6889.
12 R. J. Braun, N. Kinkl, M. Beer and M. Uefﬁng, Two-dimensional electro-
phoresis of membrane proteins, Anal. Bioanal. Chem., 2007, 389, 1033–
1045.
13 R. P. Zahedi, J. Moebius and A. Sickmann, Two-dimensional BAC/SDS-
PAGE for membrane proteomics, Subcell. Biochem., 2007, 43, 13–20.
14 T. Rabilloud, Membrane proteins and proteomics: love is possible, but so
difﬁcult, Electrophoresis, 2009, 30(S1), S174–80.
15 P. H. O’Farrell, High resolution two-dimensional electrophoresis of pro-
teins, J. Biol. Chem., 1975, 250, 4007–4021.
16 J. Klose, Protein mapping by combined isoelectric focusing and electro-
phoresis of mouse tissues. A novel approach to testing for induced point
mutations in mammals, Humangenetik, 1975, 26, 231–243.
17 B. R. Herbert, J.-C. Sanchez and L. Bini, In Proteome Research: New
Frontiers in Functional Genomics, ed.M. R. Wilkins, K. L. Williams,
R. D. Appel and D. F. Hochstrasser, Springer-Verlag, Berlin, 1997,
13–34.
18 A. Görg, C. Obermaier, G. Boguth, A. Harder, B. Scheibe, R. Wildgruber
and W. Weiss, The current state of two-dimensional electrophoresis with
immobilized pH gradients, Electrophoresis, 2000, 21, 1037–1053.
19 V. Santoni, M. Molloy and T. Rabilloud, Membrane proteins and proteo-
mics: un amour impossible?, Electrophoresis, 2000, 21, 1054–1070.
20 T. Rabilloud, M. Chevallet, S. Luche and C. Lelong, Two-dimensional
gel electrophoresis in proteomics: Past, present and future, J. Proteomics,
2010, 73, 2064–2077.
21 W.P. Blackstock and M. P. Weir, Proteomics: quantitative and physical
mapping of cellular proteins, Trends Biotechnol., 1999, 17, 121–127.
22 R. D. Smith, Probing proteomes–seeing the whole picture?, Nat. Bio-
technol., 2000, 18, 1041–1042.
23 The Structure of Biological Membranes, ed. P. Yeagle, CRC Press, Boca
Raton, Florida, 2005.
24 For comparison, the CMC of the sodium salt of 8 at 40 °C has been
reported to be 9.7 mM in:D. Myers, Surfactant Science and Technology,
Wiley&Sons, Inc., Hoboken, New Jersey, 1992, p 110.
25 N. Alessandri-Haber, J. J. Yeh, A. E. Boyd, C. A. Parada, X. Chen, D.
B. Reichling and J. D. Levine, Hypotonicity induces TRPV4-mediated
nociception in rat, Neuron, 2003, 39, 497–511.
Fig. 3 Solubilization of membrane proteins by uncaged surfactant 7d.
Rat dorsal root ganglia extracted with homogenization buffer containing
either SDS (A) or 3,7-dimethyloctylsulfonic acid (B) were analyzed for
TRPV4 and β1-integrin immunoreactivity (ir) by Western blotting. To
conﬁrm that equal amounts of extracted proteins (40 μg) were compared,
blots were also analyzed for β-actin ir. Note that the two bands visual-
ized by TRPV4 ir are due to a glycosylated (upper band) and non-
glycosylated (lower band) variant.25
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